1. Introduction {#s0005}
===============

Colorectal adenocarcinoma (CRC) ranks one of the 5 most lethal malignant tumors both in China and worldwide ([@bb0140], [@bb0025]). Early identification and treatment of CRC and the precancerous lesions, colorectal adenomas by screening may help reducing cancer mortality ([@bb0010], [@bb0135]). Screening strategies including fecal immunochemical test (FIT) or serum carcinoembryonic antigen (CEA) test by several international guidelines were proved fairly efficient ([@bb0100], [@bb0055], [@bb0105], [@bb0160]), however, large group of people may be still lack of accessible and affordable screening methods due to limitations of existing strategies and health care policies. Fecal occult blood test shares a large range of sensitivity of 24--86% according to population based reports and yet can be ambiguous towards adenomas and very early stage of CRC at which serum CEA test may work weakly as well ([@bb0125], [@bb0095], [@bb0110], [@bb0045], [@bb0145], [@bb0060], [@bb0090]). Thus, a non-invasive economic biomarker sensitive to both early stage of CRC and high risk adenomas yields to be explored.

Quantities of previous researches revealed that shifts of gut microbiota may be an important part in the initiation and progression of CRC and further findings implicated the microbial stability can only be influenced by his or her genetic status, feeding pattern, age, gender, dietary habit, health situation, drug intake and wealth level, making gut microbiota a highly potential biomarker ([@bb0035], [@bb0030], [@bb0120], [@bb0155], [@bb0115], [@bb0180]). Recent studies, including ours, have suggested that microbiota profiles determined by high-throughput sequencing may be effective in predicting CRCs ([@bb0190], [@bb0005]). However, sequencing-based methods are more resource-consuming and affectable by many factors in library construction, sequencing platform, etc. Therefore, mining the crucial factors/microbes in fecal microbiota and developing cost-effective, easy-to-apply methods are essential for translating this concept into clinical application.

*F. nucleatum* (*Bacteria* \> *Fusobacteria* \> *Fusobacteriia* \> *Fusobacteriales* \> *Fusobacteriaceae* \> *Fusobacterium* \> *Fusobacterium nucleatum*) has been suggested by a considerable number of studies as a potential marker for CRC detection ([@bb0185]). However, the effectiveness of *F. nucleatum* for detecting early CRC remains unclear due to limited numbers of cases in previous studies (*n* \< 100 for each class) ([@bb0150], [@bb0050], [@bb0175]). Our previous work systematically evaluated the performance of different machine-learning models in microbiota-based CRC prediction, and selected significantly altered bacterial species in a French cohort and our own Chinese cohort ([@bb0005], [@bb0190]). Interestingly, we found significantly increasing level of *C. symbiosum (Bacteria \>* *Terrabacteria* group *\> Firmicutes \>* *Clostridia \>* *Clostridiales \>* *Lachnospiraceae \> Lachnoclostridium* \> *Clostridium symbiosum)* and decreasing level of *S. salivarius (Bacteria \>* *Terrabacteria group \>* *Firmicutes \>* *Bacilli \>* *Lactobacillales \>* *Streptococcaceae \> Streptococcus \>* *streptococcus salivarius*) in the CRC group (especially in early CRC), which were not reported elsewhere.

In our study, we developed qPCR-based assays to detect *C. symbiosum* and *S. salivarius*, and evaluated the performance of above-mentioned noninvasive markers (*C. symbiosum*, *S. salivarius*, *F. nucleatum*, FIT and serum CEA) in two independent large cohorts. By these efforts, we aim to identify an effective, noninvasive marker for detection of CRC, especially early CRC and advanced adenoma.

2. Materials and methods {#s0010}
========================

2.1. Study design and participants {#s0015}
----------------------------------

After the informed consent and general information questionnaire obtained, a total number of 1325 voluntary patients aging over 40 years old was recruited. The test and validation cohorts were recruited independently from different sites: (1) The test cohort was from Fudan University Shanghai Cancer Center (August 2016 to December 2016) and ECRJ-East Campus of Renji hospital (January 2012 to March 2017); (2) The validation cohort was from Shanghai Tenth People\'s Hospital (October 2015 to November 2016) and WCRJ-West Campus of Renji hospital (July 2016 to March 2017). To avoid potential alternation of the gut microbiota, excluding criteria were established as showed in workflow charts in [Fig. 1](#f0005){ref-type="fig"}. The exclusion criteria included: 1) with history of uninterested gastrointestinal tract neoplasia; 2) with history of upper GI tracts surgery; 3) with a history of FAP, HNPCC or P-J syndromes or uncontrolled diabetes, hypertension or other chronic metabolic disorder; 4) with eating habits changes in recent 4 weeks; 5) with active GI tracts bleeding in recent 6 months; 6) using any of the following medicine: NSAIDs (nonsteroidal anti-inflammatory drugs), immunosuppressor, antibiotics or probiotics at least 1 month prior to enrollment. Primary endpoint is June, 2017. The protocol had the approval of the Ethics Committee of the Shanghai Jiao-Tong University School of Medicine, Renji Hospital ([Clinicaltrials.gov](http://Clinicaltrials.gov){#ir0015} Identifier [NCT02845973](ctgov:NCT02845973){#ir0020}) and the research was carried out according to the provisions of the Helsinki Declaration of 1975.Fig. 1Workflow Charts. CRC = colorectal cancer. CEA = carcinoembryonic antigen.Fig. 1

2.2. Definitions {#s0020}
----------------

The clinical phenotype was set by the endoscopic and pathological diagnosis. Tumors in the caecum, ascending colon, hepatic flexure, transverse colon or splenic flexure were considered to be proximal ones, while distal tumors included those in the rest of colon or rectum. The T stage was assessed by the AJCC (American Joint Committee on Cancer) TNM system. The early stage CRC was defined as cancers confined in submucosa including high-grade intraepithelial neoplasia. The advanced adenoma referred to adenomas with size over 10 mm, or with tubulovillous or villous component (Those advanced adenoma with high-grade intraepithelial neoplasia were considered to be early stage CRC). Healthy controls were those with normal or chronic inflammated colorectal mucosa.

2.3. Sample collection {#s0025}
----------------------

All patients were asked to keep a steady dietary and life style and leave fecal sample over 0.5 g in the special germ-free containment before bowel preparation for any surgery or endoscopy. All samples were moved to − 20 °C for temporary preservation and transferred to − 80 °C for long-term storage within 48 h. Samples from different centers were gathered and preserved at the sample bank in the division of gastroenterology and hepatology, Renji Hospital waiting for further test. All positive blood test or fecal test results 6 months before the surgery or colonoscopy were recorded.

2.4. Fecal occult blood test (FIT) and CEA test {#s0030}
-----------------------------------------------

All enrolled subjects were asked to offer a valid fecal occult blood test and CEA test report from either a community hospital or a general hospital in recent 6 months. Stool samples with blank FIT result would have to be examined using Fecal Occult Blood Gold Gel Stripe kit (W.H.P.M. Bioresearch & technology co., LTD, Beijing) which has been approved by the Chinese Food and Drug Administration Bureau. The operator for FIT test had experience for at least 1000 samples test and kept blind to other study related results. The cut-off value for positive FIT is 200 ng/ml according to manufacturer\'s instructions.

2.5. Colonoscopy {#s0035}
----------------

All colonoscopies have been done in endoscopic department for each center by experienced endoscopists and have went through the entire colon reaching ileocecal valve with enough retreating time. Any neoplasia shall be biopsied and recorded right into report. Pathologists and endoscopists were blinded to the all study contents.

2.6. DNA extraction {#s0040}
-------------------

QIAamp DNA Stool Mini Kit was used according to manufacturer\'s instructions (Qiagen, Hilden, Germany). Examined using NANO DROP 2000, those with a concentration lower than 10 ng/μl or OD260/OD280 ratio not in the range of 1.8--2.2 were discarded (36 samples). All extracts were preserved at − 20 °C before subsequent PCR amplification.

2.7. Primers and PCR amplification {#s0045}
----------------------------------

The microbial primers of *C. symbiosum*, *S. salivarius* were designed in *PRIMER3* ([@bb0130]) according to specific gene sequences, *2-hydroxyglutaryl-CoA dehydratase* gene for *C. symbiosum*, *Citrate synthase (gltA)* gene for *S. salivarius*. The primers sequences were presented as follows: *C. symbiosum*. For-GTGAGATGATGTGCCAGGC; *C. symbiosum*. Rev-TACCGGTTGCTTCGTCGATT; *S. salivarius*. For-TTCGCTTCCCAGAGTCAAGT; *S. salivarius*. Rev-AAACGACCAGCCAGCAATTC; Internal reference primer for total bacterial DNA was determined by 16s rRNA ([@bb0080]) using the following primers: 16s rRNA For-GGTGAATACGTTCCCGG; 16s rRNA Rev-TACGGCTACCTTGTTACGACTT; Positive control was used from *F. nucleatum* of which the primer was reported by well validated paper ([@bb0175]), with the following sequence: *F. nucleatum*. For-CAACCATTACTTTAACTCTACCATGTTCA; *F. nucleatum*. Rev.-GTTGACTTTACAGAA GGAGATTATGTAAAAATC.

All primers were synthesized and purified by Sangon Biotech Shanghai. 10 μl SYBR Green II was used as qPCR reaction system by TAKARA cooperation with SYBR®Premix Ex TaqTMII (TliRNaseH Plus). Stepone®plus by ABI company was used in qPCR with all the operation and configuration according to the manufacture\'s instruction with 40 cycles of 95 °C denaturation for 5 s, and 60 °C annealing and extension for 30s in total after a 30s of pre-denaturation at 95 °C.

2.8. Statistical analyses {#s0050}
-------------------------

FIT test results were recorded as positive or negative. Our data resulted in a cut-off value of 3.3 ng/ml which was similar with the clinical standard of 4.8 ng/ml so CEA test results were recorded as positive or negative according to the cut-off value of 4.8 ng/ml. All PCR samples were in triplicates and Ct value ranging over 5 (Ctmax − Ctmin) or a readout of underdetermined was excluded (15 samples). Average Ct value from the triplicates was calculated and the relative abundance of the target gut microbiota was based on the ΔCt value defined as the target Ct value subtracted Ct value for 16s rRNA, which means the all the relative abundance was normalized by the abundance of 16 s rRNA ([@bb0175]). As for statistical analysis, values were all expressed as mean ± SD. Wilcoxon signed-rank test, Mann-Whitney *U* test and Chi-square test were used in comparison for continuous, nonparametric and categorical variables analyses respectively. Factors independently associated with CRC diagnosis were estimated using univariate and multivariate logistic regression. Receiver Operating Characteristic (ROC) curve was used to evaluate the diagnostic value of bacterial candidates in distinguishing CRC and controls and to determine the best cut-off values that maximized the Youden index (J = Sensitivity + Specificity − 1). Pairwise comparison of areas under ROC (AUCs) was performed using the Delong\'s test. Logistic regression model was applied to obtain independent models concerning various markers. (The regression equations for all comparisons are provided in the Supplementary data). All tests were done by SPS.salivarius software v22.0 (SPS.salivarius, Chicago, IL) or Medcalc 15.2.2 (MedCalc Software). *p* \< 0.05 was taken as statistical significance.

2.9. Role of the funding source {#s0055}
-------------------------------

The funding sources did not contribute to the study design, data analysis, data interpretation, or writing of the report. The corresponding authors had full access to all the data and had final responsibility for the decision to submit for publication.

3. Results {#s0060}
==========

3.1. Patient cohorts and quality control {#s0065}
----------------------------------------

A total number of 781 patients in the test cohort was consisted with 242 healthy controls, 212 adenomas patients, 327 CRC patients with 109 early CRC included. The independent validation cohort including 256 subjects with 62 healthy controls, 76 adenoma patients and 118 CRC patients included with 33 early CRCs (basic demographic characteristics see Supplementary Table S1; Study flowchart see [Fig. 1](#f0005){ref-type="fig"}). Single peak and band in expected size were observed in melt curves for primers of bacterial markers from a random selected sample group of 10 and further electrophoresis in agarose gel for qPCR amplified products (Supplementary Figs. S1 and S2). Primer efficiency for each primer was determined by qPCR standard curves from a series of diluted DNA samples as follows: 100.46% (16sRNA), 103.01% (Fn), 104.66% (Cs), 96.63% (Ss) (Supplementary Fig. S3).

3.2. Selection of candidate microbial markers {#s0070}
---------------------------------------------

Based on our previous study using supervised models for the prediction of CRC (including 49 healthy controls, 37 adenoma patients, 34 early stage CRC patients and 24 advanced CRC patients), we observed an increase in the relative abundance of *F. nucleatum* and *C. symbiosum* in CRC patients over healthy controls. As for *S. salivarius*, given potential differences in subject races, population size and measuring means from sequencing data, no significant changes have been revealed among groups in current study (*P* = 0.398). In our specific cohort, *C. symbiosum* increased by 268.72 folds (*P* \< 0.001), and *F. nucleatum* increased by 5.12 folds. Only *C. symbiosum* showed a statistical difference for early stage CRC over controls, which is 86.8 folds more (*P* \< 0.001). Therefore, our present focuses on *C. symbiosum* as a candidate marker for detection of early CRC (Supplementary Fig. S4).

3.3. Stepwise increase of *C. symbiosum* in healthy control, CRA and CRC {#s0075}
------------------------------------------------------------------------

In our test cohort ([Fig. 2](#f0010){ref-type="fig"}), the relative abundance of *C. symbiosum* increased in patients with all colorectal neoplasms (CRA, early CRC and advanced CRC) as compared to controls. While compared to healthy controls, the relative abundance of *C. symbiosum* increased stepwise in CRA (6.28 folds, *p* \< 0.001), early CRC (12.38 folds, *P* \< 0.001) and advanced CRC (21.25 folds, *P* \< 0.001). However, the relative abundance of *F. nucleatum* exhibited mild increase in early CRC (2.46 folds, *P* = 0.006), but substantial increase in advanced CRC (10.70 folds, *P* \< 0.001) as compared to healthy controls.Fig. 2The fecal relative abundance of *C. symbiosum* and *F. nucleatum* among groups. (a) *F. nucleatum* for test cohort. (b) *C. symbiosum* for test cohort. CRC = colorectal cancer. *C. symbiosum* = *clostridium symbiosum*. *F. nucleatum* = *fusobacteria nucleatum*. \*\**P* \< 0.01.Fig. 2

We further focused more on the bacterial distribution. No discrepancy for the *F. nucleatum* and *C. symbiosum* relative abundance has been revealed among distal and proximal colon for adenoma (*P~C.\ symbiosum~* = 0.55,*P~F.\ nucleatum~* = 0.21) or cancers (*P~C.\ symbiosum~* = 0.85,*P~F.\ nucleatum~* = 0.09). The depth of malignancy brought about different staging in pathology and thus leading to totally different clinical decision and prognosis. We thus compared *F. nucleatum* and *C. symbiosum* abundance in terms of T stages reported by pathologist. Though deeper infiltrated cancer (T4) patients seemed to have a higher level of fecal bacteria abundance (*P~C.\ symbiosum~* = 0.056, *P~F.\ nucleatum~* = 0.004), T staging may still not be a major factor to influence *F. nucleatum* nor *C. symbiosum* statistically especially for T2 and T3 cancers (Supplementary Fig. S5).

3.4. Performance of *C. symbiosum* in predicting advanced CRA and early CRC {#s0080}
---------------------------------------------------------------------------

The relative abundance of *C. symbiosum* and *F. nucleatum* showed a increasing trend in the adenoma patients\' feces as compared to healthy controls as described above ([Fig. 1](#f0005){ref-type="fig"}). In comparison with conventional markers like FIT and CEA, *C. symbiosum* showed higher sensitivity (*P* \< 0.001) and similar specificity (*P* = 0.35 for FIT and *P* = 0.13 for CEA) so to reach stronger diagnostic performance in test cohorts (*P* \< 0.001). With cut-off value set to match specificity among markers, the sensitivity from *C. symbiosum* marker may gain 6%--29% for FIT or 16%--20% for CEA. ([Fig. 3](#f0015){ref-type="fig"} and Supplementary Table S2). Through AUCs from ROC curves, we also found *C. symbiosum* stronger than *F. nucleatum* (*P* \< 0.001) ([Fig. 4](#f0020){ref-type="fig"}) in diagnosis of advanced adenomas. All such trend has also been observed in the validation cohort ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). To be more specific, further exploration emphasized similar changes between the non-advanced and advanced adenomas. Previous researches stated no substantial microbial changes from healthy people to adenoma people, but difference of 5.90 folds existed in our study for *C. symbiosum* in the advanced adenoma patients over the controls (*P* \< 0.001). As for *F. nucleatum*, its relative abundance changed insignificantly for non-advanced adenoma (*P* = 0.076) and advanced adenomas (*P* = 0.126) compared to controls, making *C. symbiosum* more promising to predict advanced colorectal adenomas than *F. nucleatum*.Fig. 3The diagnostic power of *C. symbiosum* in advanced adenoma and early stage CRC (cancers confined in submucosa including high-grade intraepithelial neoplasia). (a) AUC comparison for *C. symbiosum* abundance with FIT or with CEA in advanced adenoma. (b) AUC comparison for *C. symbiosum* abundance with FIT or with CEA in early stage CRC. (c) Sensitivity for *C. symbiosum* abundance, CEA and FIT test in advanced adenoma. (d) Sensitivity for *C. symbiosum* abundance, CEA and FIT test in early stage CRC. CRC = colorectal cancer. Cs = *Clostridium symbiosum*. Fn = *Fusobacteria nucleatum*. CEA = carcinoembryonic antigen. FIT = fecal immunochemical test. AUC = Area under curve for receiver operating characteristic curve. \**P* \< 0.05. \*\**P* \< 0.01.Fig. 3Fig. 4The comparison of ROC for different markers in advanced adenoma, early stage CRC (cancers confined in submucosa including high-grade intraepithelial neoplasia) and all stage CRC. (a) AUC for *C. symbiosum* and *F. nucleatum* abundance in test and validation cohort in advanced adenoma. (b) AUC for Cs + FIT, FIT, *C. symbiosum* and *F. nucleatum* abundance in test and validation cohort in early stage CRC. (c) AUC for BAC + FIT, FIT, *C. symbiosum* and *F. nucleatum* abundance in test cohort and validation in all stage CRC for subjects with FIT results (upper figures) and for subjects with both FIT and CEA tests (lower figures). CRC = colorectal cancer. Cs = *Clostridium symbiosum*. Fn = *Fusobacteria nucleatum*. CEA = carcinoembryonic antigen. FIT = fecal immunochemical test. Cs + FIT = marker combined *C. symbiosum* and FIT. BAC + ALL = marker combined *C. symbiosum* and *F. nucleatum* abundance with FIT and CEA test. BAC + FIT = marker combined *C. symbiosum* and *F. nucleatum* abundance with FIT test. AUC = Area under curve for receiver operating characteristic curve. \**P* \< 0.05. \*\**P* \< 0.01.Fig. 4

As for the 109 early stage CRCs patients out of 327 CRC patients in test cohort, increasing *C. symbiosum* level reached an higher AUC over *F. nucleatum* (*P* \< 0.001) and FIT (*P* \< 0.001) as well as for CEA which was also observed in validation cohort ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). According to the cut-off value set by ROC curves, the fecal relative abundance of *C. symbiosum* was proven significantly more sensitive to early stage CRC compared to FIT (*P* \< 0.001) and CEA test (*P* \< 0.001). With further specificity balanced, *C. symbiosum* may contribute to a sensitivity increase of 4%--24% for FIT and 23%--27% for CEA.([Fig. 3](#f0015){ref-type="fig"} and Supplementary Table S3).

3.5. Fecal microbial markers with higher sensitivity for CRC {#s0085}
------------------------------------------------------------

In feces from 327 CRC patients, higher level of *F. nucleatum* and *C. symbiosum* has been easily detected in CRC patients over controls. As AUCs for all these markers were closed to each other. *C. symbiosum* seemed to have greater advantages over conventional methods as well as *F. nucleatum* in terms of sensitivity (0.73 for *C. symbiosum* over 0.38--0.54 for the rest markers, *P* \< 0.01, same trend for validation cohort) (Supplementary Table.S4). In further comparison, positive rate of serum CEA and FIT test rose about 3.61 folds and 5.28 folds from healthy controls to CRC patients.

3.6. Combination of fecal microbial markers with CEA and FIT {#s0090}
------------------------------------------------------------

Based on the results above, we further divided enrolled people into *F. nucleatum* and *C. symbiosum* positive group and negative group according to the cut-off value identified previously. From univariate analysis, history of HTN or DM seemed futile in early stage CRC diagnosis while the abundance of *C. symbiosum* and *F. nucleatum*, FIT test and CEA level as well as gender and age may be of help. Further multivariate analysis indicated FIT test (OR = 8.557, *P* \< 0.001), age (OR = 1.079, *P* \< 0.01), CEA level (OR = 3.650, *P* = 0.014) and the relative abundance of *C. symbiosum* (OR = 4.354, *P* \< 0.01) contributed to the diagnosis of early stage CRC and *F. nucleatum* showed no further statistical significance (OR = 1.804, *P* = 0.145) (Supplementary Table S5). We then tried to unite these contributing markers as an independent model. Combination of *C. symbiosum* level and FIT may raise AUC to 0.803 in test cohort and 0.707 in validation cohort that showed statistically stronger diagnostic power over single FIT test (*P* \< 0.05) and *F. nucleatum* (*P* \< 0.05) (Supplementary Table S6), further combining CEA level did not enhance such trend (*P* = 0.09 for test cohort and *P* *=* *0.56* for validation cohort) but still reached stronger ability than single CEA marker or FIT alone (*P* \< 0.001) in both cohort ([Table 1](#t0005){ref-type="table"} and [Fig. 4](#f0020){ref-type="fig"}).Table 1AUC for different markers in patients with CEA and FIT results for predicting early CRC (cancers confined in submucosa including high-grade intraepithelial neoplasia).Table 1Test cohortValidation cohortOverallAUC95% CIAUC95% CIAUC95% CI**In patients with both valid CEA and FIT results.** Difference in comparison with Cs + FITCEA0.551[⁎⁎](#tf0010){ref-type="table-fn"}0.474--0.6270.544[⁎⁎](#tf0010){ref-type="table-fn"}0.409--0.6740.527[⁎⁎](#tf0010){ref-type="table-fn"}0.461--0.593FIT0.646[⁎⁎](#tf0010){ref-type="table-fn"}0.569--0.7180.582[⁎⁎](#tf0010){ref-type="table-fn"}0.446--0.7090.630[⁎⁎](#tf0010){ref-type="table-fn"}0.564--0.693Cs + FIT0.8360.772--0.8880.7430.612--0.8480.8090.752--0.857Cs + ALL0.8560.794--0.9050.7260.594--0.8340.8220.766--0.869[^2][^3]

Univariate and multivariate analysis for all stage CRC patients indicated the relative abundance of *F. nucleatum* (OR = 4.282, *P* \< 0.001) and *C. symbiosum* (OR = 4.237, *P* \< 0.001), serum CEA concentration (OR = 3.897, *P* \< 0.01) and FIT test (OR = 12.024, *P* \< 0.001) as well as age (OR = 1.054, *P* \< 0.01) were contributing to diagnosis yet gender, history of HTN and DM showed no statistical difference (Supplementary Table S5). Combination of *F. nucleatum*, *C. symbiosum* and FIT may set one step further to differentiate more CRC with an AUC of 0.861 (Supplementary Table S6). Taking CEA into account, the independent model of *F. nucleatum*, *C. symbiosum*, FIT and CEA may have an AUC of 0.876. Both models above were stronger than any of the markers alone (*P* \< 0.05), which also has been matched quite well in both cohorts ([Table 2](#t0010){ref-type="table"} & [Fig. 4](#f0020){ref-type="fig"}).Table 2AUC for different markers in patients with CEA and FIT results for predicting CRC of all stages.Table 2Development cohortValidation cohortOverallAUC95% CIAUC95% CIAUC95% CIIn patients with both valid CEA and FIT results. Difference in comparison with BAC + FITCEA0.636[⁎⁎](#tf0015){ref-type="table-fn"}0.585--0.6840.602[⁎⁎](#tf0015){ref-type="table-fn"}0.515--0.6840.627[⁎⁎](#tf0015){ref-type="table-fn"}0.583--0.668FIT0.718[⁎⁎](#tf0015){ref-type="table-fn"}0.670--0.7630.779[⁎](#tf0115){ref-type="table-fn"}0.701--0.8450.735[⁎⁎](#tf0015){ref-type="table-fn"}0.694--0.772BAC + FIT0.8880.852--0.9180.8590.790--0.9120.8750.844--0.902BAC + ALL0.900[⁎](#tf0115){ref-type="table-fn"}0.866--0.9290.8760.810--0.9260.888[⁎](#tf0115){ref-type="table-fn"}0.857--0.913[^4][^5][^6]

4. Discussion {#s0095}
=============

In this study, we identified a potential microbial marker *Clostridium symbiosum* for early detection of CRC and validated its performance in differentiating colorectal neoplasia including early stage cancer and advanced adenoma from controls with superior performance to conventional FIT and CEA test as well as the recently reported marker of *F. nucleatum*.

To draw such a conclusion firmly, we introduced the so far largest multi-center based clinical cohorts of 1037 subjects in total. The most vital finding in our study was the significant stepwise increase for the abundance of *C. symbiosum* in CRA, early CRC and advanced CRC, which also maintained to be the a rare-reported specie among various CRC-associated gut microbiota, making it a promising marker in colon neoplasia especially for early stage CRC.

Existing screening methods exert fairly good sensitivity and specificity for advanced CRC. However, 5-year survival rate of advanced CRC (\< 10%) is drastically lower than that of early CRC (\> 80%) ([@bb0140], [@bb0020]), thus early screening of CRC represents a major factor in developing biomarkers. For population-wide screen of early CRC, non-invasive and cost-effective methods are highly desired, because these features are obviously beneficial to the compliance of patients.

Although FIT and CEA are widely applied markers for CRC screening, our data based on two large cohorts suggest that neither method can be sufficiently accurate for detecting early CRC. The true positive rates of FIT were low for early CRC (18--33%) and advanced CRA (9--19%), being consistent with its reported weakness in predicting advanced adenoma ([@bb0065], [@bb0165]), FIT also exhibits a wide range of sensitivity for all stages CRC as low as 36.4% or even lower as 25% while reaching as high as 79% according to several solid population-based researches ([@bb0090], [@bb0095]). In our work, though sharing similar low false positive rate of 91%--92% as reported (94%) ([@bb0090]), FIT differentiated 50--60% CRC patients reflected its limited performance. Gastrointestinal bleeding of any reasons may occasionally leave a positive FIT result and it has been highly related to the size and vessel distribution of the lesions while less connected to the tumor malignancy. CEA, instead, may report CRC with a sensitivity of 43--46%, but also displayed very limited sensitivity of 38%--39% in our study, which also has been considered of greater value in the CRC prognosis ([@bb0170]). Such low positive rate for CEA has also been reported by other studies concerning early stage CRC ([@bb0110], [@bb0045]).

In contrast to above-mentioned conventional markers, the fecal abundance of *C. symbiosum* displayed considerably higher accuracy in predicting early CRC. The true positive rate of *C. symbiosum* remained high in all gut tumors including both advanced adenomas and early or late stage of CRC, reaching 37--58% for advanced adenoma and 50%--56% for early stage CRC respectively in both cohorts, was approximately 2-folds higher than FIT test (see above) and CEA test (11%--18% and 17%--20%). Given such differences in sensitivity, none significant changes in the high negative rate (82%--93%) in controls have been observed between *C. symbiosum* and FIT (0.08--0.35 for *P* value) or CEA (0.13--0.70 for *P* value) in both cohorts (Supplementary Fig. S6).

As for early dectection of colorectal neoplasia, *C. symbiosum* even showed stronger diagnostic value in microbial markers*. F. nucleatum* is one of the most widely studied bacteria associated with CRC. By detecting the fecal abundance of *F. nucleatum* alone, qPCR assays have been reported with diagnostic potential for CRCs by several papers ([@bb0150], [@bb0050], [@bb0175]). However, due to limitations in the population enrolled for these studies, *F. nucleatum* has not been sufficiently verified for its predictive significance for early CRC and advanced CRA. Our data provided support to previous findings that *F. nucleatum* was a promising marker for predicting CRC (especially advanced CRC), but seemed to propose a weakness of *F. nucleatum* in identifying CRC in its early stage. The increase of *F. nucleatum* was subtle from healthy control to CRA and to early CRC, and for discriminating early CRC *F. nucleatum* exhibited a rather low AUC of 0.611 in the test cohort or 0.521 in the validation cohort. In contrast, the abundance of *C. symbiosum* displayed significant difference between healthy control and early CRC, and *C. symbiosum* achieved higher AUC for predicting early CRC (*P* \< 0.05) and advanced adenoma (*P* \< 0.05) than *F. nucleatum*. In the multivariate analysis, *F. nucleatum* exhibited no significant predictive value for early CRC. Thus making *C. symbiosum* as a better marker for discriminating CRC. These findings all suggest that *C. symbiosum* may be a stronger microbial marker than *F. nucleatum* in early colorectal tumor detection.

Another interesting finding was the improved predictive power for combining *C. symbiosum* and other existing markers such as FIT and CEA. Such combination increased sensitivity by 12--15% and recognized nearly a third more patients for early stage cancer, but having no obvious loss in specificity. For predicting all CRC patients, *F. nucleatum* and *C. symbiosum* combined with FIT and CEA also exhibited improved specificity up to 82%--86% with 69%--87% specificity.

Furthermore, the wide applying of this marker of *C. symbiosum* in CRC screening as we introduced, could be rather feasible since qPCR detection of bacterial DNA in stool is technically more reliable and cost-effective than other promising methods. For example, the multi-target stool DNA test based on free or shedding tumor cells in feces or blood has been recommended by recent CRC screening guidelines ([@bb0070]). Since each detection requires nearly 600 USD ([@bb0085]), well-trained technician and carefully installed devices, these resource-consuming features may limits its use for population-wide screening. Similarly, high-throughput metagenomic markers also have concerns in the high dependency on equipment and platforms, and difficulties in technical standardization and quality control. Here we have demonstrated that qPCR-based detection of *C. symbiosum*, in combination with conventional FIT or CEA, can achieve considerable predictive accuracy with acceptable cost. To facilitate its clinical application in early CRC screening, a strict cost-utility analysis should be further explored in future studies ([@bb0075]).

Is the increase of *C. symbiosum* stool a cause or consequence of CRC development? While there is no clear answer yet, it certainly deserves in-depth mechanistic studies. *Clostridium symbiosum* is a strict anaerobic colonizing bacteria with flagellum which is gram-negative non-toxin producing ([@bb0040]). It shares similar micro-forms as *F. nucleatum* that has once been confused with the family of *Fusobacterium*. Differentiation have made in recent years thank to more precise sequencing methods. Study showed transplanting *C. symbiosum* specifically to germ-free nutrition-deficient mice may result in increasing level of acylcarnitines in gut epithelium which may contribute to decreasing level of protein synthesis and overoxidation of amino acids in liver ([@bb0015]). Therefore, we postulate that *C. symbiosum* may promote protein synthesis in local gut epithelium which acted as potential supporter to development of carcinogenesis.

One limitation for our study is the absence of data from other diseases which may cause positive FIT or CEA, like IBD or gastric cancer. Very few relating researches have been done so far even for *F. nucleatum*. Another concern is lack of data from patients with curative surgery since several years of following up more should have been adequate for further solid judgement. Studies in larger cohorts enrolling more patients need to be carried out in future.

In conclusion, fecal *Clostridium Symbiosum* is a promising biomarker for early and noninvasive detection of colorectal neoplasia, being more effective than reported markers such as *F. nucleatum*, FIT and CEA. Combining the abundance of fecal *C. symbiosum* and fecal immunochemical test may further improve the noninvasive diagnosis of early CRC.
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